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J o u r n a l P r e -p r o o f INTRODUCTION Klotho (1014 amino acids; molecular weight, 130 kDa), which is mainly produced in the distal convoluted tubules of the kidneys, parathyroid glands, and choroid plexus of the brain, is known as an anti-aging and anti-inflammatory protein (Clinton et al., 2013; Kuro-o, 2008; Kurosu et al., 2005) . A previous study demonstrated that Klotho supplementation reduces blood pressure (BP) (Takenaka et al., 2019) , while another study indicated that Klotho normalizes BP by depressing renin-angiotensin system protein (renin, angiotensin-converting enzyme and angiotensin II type1 receptor) in the kidneys (Zhou et al., 2015) . Hypertension often occurs in patients with chronic kidney disease (CKD) (Campese, 1997) , among whom serum Klotho levels are significantly decreased (Koh et al., 2001; Nitta et al., 2014) . Recently, Klotho was shown to be present in the brain (Degaspari et al., 2015) , the role of which is thought to be neuroprotection (Vo et al., 2018) . A previous study indicated that silencing brain Klotho through intracerebroventricular injections of adeno-associated virus with Klotho-shRNA resulted in earlier BP elevation in rats (Wang and Sun, 2010) , while Klotho gene delivery J o u r n a l P r e -p r o o f 4 neurons connecting with the sympathetic preganglionic neurons (SPNs), which control the peripheral sympathetic function and BP (Deuchars and Lall, 2015; Deuchars et al., 1995; Oshima et al., 2008; Pilowsky and Goodchild, 2002) . Therefore, this study examined the effects of Klotho on RVLM neurons. Given previous reports showing that Klotho increases Na + /K + -ATPase activity (Sopjani et al., 2011; Tang et al., 2018) , we examined whether Na + /K + -ATPase is related to the Klotho-induced changes in RVLM neuron membrane potentials (MPs).
Klotho is also known to be a component of the FGF23 receptor (FGFR1) (Erben, 2017) . FGF23 (251 amino acids; molecular weight, 32 kDa), mainly produced by osteocytes and osteoblasts, is related to the elimination of serum phosphate in the kidneys (Bech et al., 2015) and is reported to cause myocardial hypertrophy, atherosclerosis, and hypertension (Akhabue et al., 2018) . Moreover, a previous study shows that the high serum FGF23 levels cause hypertension in patients with CKD (Li et al., 2018) . Recently, FGF23 was found to be present in the cerebrospinal fluid (CSF) (Hensel et al., 2016) with studies suggesting increased CSF levels of FGF23 among patients with CKD (Haffner and Leifheit-Nestler, 2017; Marebwa et al., 2018) . Based on the aforementioned results, we hypothesized that the high levels of FGF23 among patients with CKD would directly stimulate RVLM neurons. Therefore, the effects of FGF23 on RVLM neurons were also examined.
J o u r n a l P r e -p r o o f 6 We used a patch-clamp amplifier (AxoPatch, ID; Axon Instruments, Sunnyvale, CA, USA) to record the MPs. RVLM neurons were obtained from the ventral side of the medulla. To confirm whether the recorded RVLM neuron was a bulbospinal neuron, the existence of antidromic action potentials (APs) was examined by electrical stimulation (5-30 V, 0.1 ms, single pulse) of the IML at the Th 2 level using a tungsten electrode (30-m tip diameter; Unique Medical, Tokyo, Japan) (Oshima et al., 2015) (Fig. 1B) .
All data were recorded and analyzed using PowerLab (AD Instruments, Colorado Springs, CO, USA). During the whole-cell recordings, neurons were labeled with 0.2% Lucifer Yellow (lithium salt; Sigma) through either spontaneous diffusion or iontophoresis.
Experimental Protocols
Protocol ( (Oshima et al., 2015; Oshima et al., 2018) . In order to successfully micro-superfuse over RVLM areas, the tip of micro-superfusion pipette was placed within 1mm above the ventral surface of RVLM areas.
Immunofluorescence Staining
To histologically determine the presence of Klotho, Na + /K + -ATPase, FGF23, and FGFR1, immunofluorescence staining was performed. After the aforementioned experiments, the preparations were fixed with 4% paraformaldehyde in 0.1 M PBS for 1 h at 4°C, immersed in 18% sucrose-PBS overnight, embedded in optimal cutting temperature compound (Sakura Finetek, Japan), frozen on dry ice, and cut into 20-μm-thick transverse sections followed by immunofluorescence staining. Images were obtained using a conventional fluorescence microscope (LSM510; Carl Zeiss Co., Oberkochen, Germany).
Protocols for Immunofluorescence Staining
The Lucifer Yellow (Sigma, St. Louis, MO, USA)-stained RVLM neurons that 
Depolarizing Effects of FGF23 on RVLM neurons
To determine the effects of FGF23, RVLM neurons were superfused with FGF23. ). Furthermore, to determine whether FGF23 by itself activated the RVLM neurons, the same neurons were superfused with FGF23 (80 pmol/L) dissolved in a TTX solution. Accordingly, the recorded bulbospinal RVLM neurons showed depolarization during and after superfusion with FGF23 dissolved in a TTX solution (n = 6) ( Fig. 4D, E) . These results may show that FGF23 by itself depolarized the bulbospinal RVLM neurons.
To determine whether the effect of FGF23 on the RVLM neurons was mediated by FGFR1, bulbospinal RVLM neurons were superfused with SU5402. Accordingly, SU5402 (4 mol/L) hyperpolarized the bulbospinal RVLM neurons (n = 8) ( Fig. 5A-C ),
suggesting the presence of FGF23 in the RVLM. Furthermore, to determine whether SU5402 suppressed the effect of FGF23 on RVLM neurons, SU5402 (4 mol/L) was added to FGF23-depolarized bulbospinal RVLM neurons. Accordingly, the addition of SU5402 hyperpolarized the FGF23-depolarized RVLM neurons (n = 6) ( Fig. 5D-F ).
Micro-superfusion over the RVLM area, hyperpolarizing effects of Klotho and depolarizing effects of FGF23
A total of 13 IML neurons were examined. The MP and FAP in these neurons under aCSF were −43.5 ± 5.2 mV (from -35.3 mV to -53.6 mV) and 0.5 ± 0.6 Hz (from 0.0 Hz to 1.2 Hz) respectively. To determine whether the klotho-induced changes in RVLM neuron activities were transmitted to the IML neurons, the RVLM areas were micro-superfused with a Klotho solution (200 pmol/L), and changes in the MPs of the IML neurons were observed. Accordingly, micro-superfusion over the RVLM area with a klotho solution caused hyperpolarization of the IML neurons at the Th 2 level (n = 7) ( Fig. 6A-C) . The latency, which is the period from the end of micro-superfusion over (Fig. 6A) . Moreover, micro-superfusion over the RVLM with a FGF23 (80 pmol/L) solution depolarized the IML neurons at the Th 2 level [latency: 17.6 ± 5.0 s (from 12 s to -25 s)] (n = 6) ( Fig. 6D-F) . These results showed that the effects on the RVLM neurons are transmitted to the IML neurons.
Immunoreactivity, expression of Klotho and FGF23 on RVLM neurons
To histologically determine the presence of Klotho, Na+/K+-ATPase, FGF23, and FGFR1, immunofluorescence staining was performed at the end of the recordings, with our results subsequently confirming their presence in RVLM neurons. The presence of Klotho and FGF23 was also examined in separate experiments (Fig. 7F, J, N, S1A, D) .
In the low magnification image, we show the RVLM area (Fig. 7A ). Lucifer Yellow staining was performed after completing whole-cell recordings of the bulbospinal RVLM neurons. Moreover, four of the five Lucifer Yellow-stained neurons, which showed hyperpolarization during Klotho superfusion, exhibited immunoreactivity for TH ( Fig. 7B-E ), suggesting that C1-catecholaminergic RVLM neurons have sensitivity for Klotho.
After confirming the presence of Klotho, the presence of Na + /K + -ATPase in the RVLM area was subsequently determined by histologically analyzing immunoreactivity for Na + /K + -ATPase in six rats. In the RVLM area shown in Fig. 7A, we 
